The sampling of raw materials in the rotary kiln, firing experiment by the experimental kiln, and water quenching experiment have been performed, and the clarification of behavior of the reduction and the growth of metal has been attempted by SEM-EDS. In the amorphous serpentine region, NiO has very high reducibility than FeO. The increase in heating temperature above 1 273 K allows the fine reduced metal to be confined in the silicate, which causes the extraction by the bromine methyl alcoholic solution to be difficult. This allows the degree of reduction to enter apparently the depression region. However, the increase in heating temperature above 1 525 K allows melt to occur, which causes the fine metal to coalesce with each other. Therefore, the degree of reduction leaves the depression region, and approaches the equilibrium values. Low-MgO and high-FeO·NiO silicate is enriched by the fractional crystallization, and thereafter reduction reaction is enhanced. From the result of SEM observation that metals occur from the lower temperature in the low-MgO and high-FeO ore containing much point defect, NiO and FeO in the crystal lattice are reduced via cationic and electronic defect species, the oxygen occurred diffuses toward the crystal surface via vacancies. However, the lack of experimental data of defect chemistry in Ni-ore requires the further investigation. From the fact that the temperature of the melt occurrence coincides with the temperature of metal beginning to grow largely in SEM observation, it is confirmed that the fine metals coalesce with each other via melt to grow.
Introduction
The pyrometallurgical smelting of saprolite Ni-ore (henceforth, Ni-ore), which is weathered ultramafic rock and mainly composed of serpentine, has been generally performed by the Elkem process, in which the meltingreduction is conducted in the electric furnace (around 1 600°C), enabling the high Ni-recovery of around 96 mass% to be acquired.
On the other hand, in "Nippon Yakin Oheyama Process," which is the improved Krupp-Renn process, Ni-ore is smelted with the semi-fused state at a maximum temperature of around 1 400°C. Subsequently, clinker discharged from the kiln is water-quenched to obtain easy crushing. Further, clinker is crushed, thereafter divided into the metal and slag by jigs and magnetic separaters: metal is granular ferronickel contained Fe and Ni around 75-80 and 25-20 mass% respectively; particle size ≧ 0.1 mm φ; average particle size around 1mm φ. In this case, maintenance of construction materials standard and reductions of the power cost require the restriction of degree of crushing. This causes fine ferronickel (-a few μm) contained in clinker to be taken in slag and not be recovered as metal, which results in lower Ni recovery than the Elkem process. Hence, the improvement of Ni-recovery requires the growth of fine-grain metal during smelting process in the rotary kiln. In particular, recently, there is the tendency for Ni-grade to lower due to conservation of resources. As a result, some Ni-grade in available ores lower than 2 mass%, which further causes low Nirecovery.
Many studies have been performed concerning the reduction of Ni-ores and the growth of grain size of the reduced metal. For example, Shirane [1] [2] [3] has reported that the reduction of Ni in the (Mg-Ni) silicate depends on the content of MgO. Further, Johannsen, 4) who has developed the KruppRenn process, has deduced for the growth of metal as follows: 1) metals contained in heated raw materials in the metal growing zone in the rotary kiln are re-oxidized by the air contained in a gas phase, causing metal to melt due to the heat of oxidation of Fe, which allows metals to coalesce with each other and grow larger; 2) Fe plays a role of Ni collector, which allows metals to grow largely. Furthermore, Matsumori 5) has proposed that the fine metal wrapped with sulfur can coalesce with each other due to the reduction of melting temperature of the surface layer, metal growing largely. However, Ni-ore is the mixture of several minerals, © 2012 ISIJ furthermore chemical reactions in the rotary kiln are very complicated, which allows those technical subjects to be still left unsolved. Whereas recently, Kobayashi, 6-8) Tsuji 9) have performed the mineralogical examination concerning the softening behavior related to the reduction of ores and growth of metal, thus having found out that point defects formed during the weathering, CaO, Al2O3, and (MgO/SiO2) in ore have a large significant effect on softening. However, the behavior of the reduction and the growth of metal have not been still made fully clear. Therefore, clarification has been attempted by the reduction experiments and SEM-EDS, focusing attention on the fine metal particles of several tens μm or less.
Experimental Procedure

Sampling of Raw Materials in the Rotary Kiln out of Operation
First, raw materials of around 20-30 kg were sampled every 5-10 m in the rotary kiln, shown in Fig. 1(a) , cooled in order to get an outline of how Ni ore is reduced: about three days is needed for cooling after being out of operation. The samples were crashed, and separated into slag and metal, chemical analysis being performed. Here, Table 1 shows the chemical analysis values of charged raw materials.
Firing Experiment by the Experimental Kiln
It is impossible to take the sample of raw materials from the rotary kiln in operation. Then, Ore-NC shown in Table  1 were blended with anthracite (C, hardcoal) and limestone (80 kg/t of ore), and thereafter 700 kg-dry briquette of pillow type 30×25×15 mm were produced: the additions of anthracite is 4 A0 about 180 kg/t of ore for the consumption of anthracite by CO2 contained in the LPG combustion gases; A0 is the quantity of anthracite for the reduction of Ni and Fe in Ni-ore. Kiln simulation experiments have been performed using the batch type experimental kiln shown in Fig. 1(b) : air ratio 1.0; LPG 30 m 3 /h; kiln rotation 20 rph. Air for combustion is automatically controlled, and damper opening is manually operated for the oxygen concentration of 0 (vol%) in the exhaust-gas, then raw materials being heated until the occurrence of softening and melting. The resulting time for experiment was taken around 7 h. The 2-3 kg of raw materials samples in the experimental kiln were taken every 0.5-1.0 h from the sampling hole of 200 mm in diameter, directly being quenched into the water. That was dried, crashed and separated slag and metal, the chemical analysis being performed.
Water Quenching Experiment
10)
Supplement for firing experiment by the experimental kiln requires the understanding of the exact relation between temperature and degree of reduction. Then, ore-anthracite (1.2 A0), limestone composite pellets were prepared using Ore-A shown in Table 1 , thus being heated in the vertical water quenching furnace (NIKKATO CORPORATION) under the argon gas flow of 200 cc/min. Water quenched pellets were dried, embedded in resin and polished, then SEM observation and EDS analysis have been carried out with SHIMAZU SSX-550. The remaining samples were crushed in -44 μm to be analyzed by the bromine methyl Figure 2 (a) shows the relation between degree of Ni and Fe reduction, C content in the slag and distance from the discharge end. The degree of Ni and Fe reduction begins to increase from around 40 m (raw materials temperature of around 1 000°C), but from around 25 m the degree of Ni reduction has relatively gentle gradients and that of Fe does not has large change. That is, the degree of reduction enters the plateau region. However, from around 15 m the degree of both Ni and Fe reduction increases with steeper gradients in spite of very low C content in the slag, and simultaneously +0.105 mm metal (mass%) also increase. This indicates that reduction reaction does not occur in that region, but the fine metals grow to the size enough to be extracted by the bromine methyl alcohol solution, thus allowing the apparent degree of reduction to approach the equilibrium values.
Experimental Results
Sampling of Raw Materials in the Actual Kiln
Here, the return to the kiln from the dressing process provides the existence of metallic Ni and Fe in around 50-70 m in Figs. 2(a) and 2(b). The transportation of fine metal from raw materials to ferro-nickel products causes M-Fe in the slag to begin to decrease rapidly from around 15 m, still more, re-oxidation during the cooling of kiln leads to the considerably high content of Fe 3+ in Fig. 2(b) .
Experimental Kiln Figures 3(a) and 3(b)
show the presence of the depression region in the degree of Ni and Fe reduction between 4 h (raw materials temperature of around 1 120°C) and 5 h (around 1 200°C) in spite of the considerably high residual C content of 8-10 mass% in the slag. Furthermore, the degree of reduction leaves the depression region, and again begins to increase from 5 h to reach the peak at 5.5 h. However, the low C content due to the consumption of anthracite causes re-oxidation of metallic Ni and Fe in the process of sampling. Table 2 shows the chemical analysis values.
Water Quenching Experiment
Figures 4(a) and 4(b) show the degree of reduction and the reduction behavior of Ni and Fe in heated ore at the various temperatures, and Table 3 shows the chemical analysis values. The completion of reduction of Fe2O3 to FeO at around 900°C is followed by the beginning of reduction of FeO to Fe from around 1 000°C, thus the degree of Fe reduction quickly increasing. On the other hand, the reduction of NiO to Ni quickly begins from around 900°C as well as Fe, the degree of Ni reduction reaching as much as around 70 mass%. This, hence, shows that Ni has higher reducibility than Fe. The increase in heating temperature above around 1 000°C allows the degree of reduction of the water quenched raw materials to decrease apparently and to enter the depression region as well as firing experiment by the experimental kiln. However, re-oxidation of Ni and Fe does not occur beyond 1 300°C. Simultaneously, the degree of Ni and Fe reduction increase in spite of the very low residual C content in the slag. This seems to be almost the same phenomena as that of raw materials in the actual rotary kiln.
Discussion
Calculated Degree of Ni and Fe Reduction in Equi-
librium in Ni-ore Then, the degree of Ni and Fe reduction in equilibrium is calculated using the thermodynamic software package MELTS 11) in fixed oxygen partial pressure (Po 2 =10
-10 -10 -13 ) at 1 100-1 400°C to examine whether or not the measurement values are reasonable. As for the activity of each oxide in this software, pure solid is taken as the standard state. Regular solution is approximated for liquid phase. Here, Mg, Ni and Fe share the cation component in silicate, the Then, the observation by an optical microscope of residual prepared by filtration the bromine methyl alcoholic solution reveals that around -2 μm metals remain without being extracted as shown in Fig. 6 .
As expected, there is a high possibility that the fine metallic Ni particles confined to the silicate leads to the low degree of Ni reduction than true values. Similarly, Okajima 12) reported that the metallic Ni particle of around 0.6 μm confined to (Mg-Ni) olivine heated at 1 000°C is observed by EPMA, which probably causes the degree of Ni reduction to decrease.
Difference in the Experimental Kiln
It seems that fine metallic Ni and Fe being confined in the silicate leads to the difficulty in the extraction by the bromine methyl alcoholic solution, allowing the occurrence of the depression region of the degree of reduction. The reduced fine metals are scattered in the silicate under conditions high temperatures (i.e., 1 100-1 200°C). Water quenching in that state allows fine metal to be enveloped in the silicate, which metallic Ni and Fe not to be accurately analyzed. However, the occurrence of melt from 5 h causes the fine metal to grow to the size enough to be extracted by the bromine methyl alcoholic solution, thus the degree of reduction approaching the equilibrium values. At the end of experiment, the decrease in residual C in the slag due to the consumption of anthracite causes re-oxidation, thus the degree of reduction decreasing.
Difference in the Water Quenching Experiment
It is considered that amorphous serpentine, which occurs by the dehydration from 600°C and is not still recrystallized, have high reducibility. 1, 2) Ni particularly has higher reducibility than Fe as shown in the free energy change of Eqs. However, the degree of Ni and Fe reduction enters the depression region from around 1 000, 1 100°C, respectively. This seems to be not attributed to the re-oxidation but to the difficulty in the extraction by the bromine methyl alcoholic solution due to the fine metallic Ni and Fe being confined in the silicate, because C remains as much as around 2 mass% in the slag. Here, reason for Ni entrance depression region from the lower temperature than Fe is considered as follows: 1) from the fact that the degree of Ni, Fe reduction at 900°C are 10.0, 1.9 mass%, respectively, as shown in Fig. 4(a) , the preferential reduction of Ni allows the high-Ni and high-Fe metal to be formed at initial stage of reduction; 2) the content of Ni, Fe in Ni-ore is 2.07, 14.67 mass%, respectively causes the high-Ni metal of small grain size and high-Fe metal of large grain size to be formed in spite of high Ni and low Fe reducibility.
This concept can also demonstrate that the differences between equilibrium values and measured values are considerably large and almost none for Ni and Fe, respectively: compared the equilibrium values Ni, Fe for 96.4, 34.6 mass% respectively at Fe/(Mg+Fe)=0.3 as shown in Figs. 5(a) and 5(b) with the measured values Ni, Fe for 63.6, 33.7 mass% respectively as shown in Fig. 4(a) at 1 100°C. 
Difference in the Actual Rotary Kiln
There is not depression region, which is present in the experimental kiln and water quench experiment, but plateau region in the degree of reduction of raw materials sampled in the actual rotary kiln as shown in Fig. 2(a) . This may seem to be explained by the fact that fine-Ni and Fe particles confined in the silicate are released outside by the fractional crystallization occurring with the crystallization of silicate during the cooling of the rotary kiln, Ni and Fe being able to be precisely analyzed.
Observation of the Occurrence Process of Reduced
Metal by SEM 4.3.1. Occurrence of Low-MgO and High-SiO2·NiO·FeO
Silicate by the Fractional Crystallization Then, the observation of the occurrence process of reduced metal is performed by SEM. Fig. 7(a) shows that low-MgO and high-SiO2·NiO·FeO silicate is released from the right side high-MgO silicate with the recrystallization of serpentine. Then, the fine metal particles occur at the point 1, and the sharp peak of FeO/SiO2 appears in the map line analysis as shown in Fig. 7(b) . Here, the metal (Ni, Fe) and divalent ions (Ni 2+ , Fe
2+
) cannot be distinguished by the SEM quantitative analysis, which permits total of both to be represented by NiO and FeO in this paper.
Relation Between Occurrence of Fine Metal and
Chemical Composition of Ni-ore ISIJ International, Vol. 52 (2012), No. 6 points 5, 6, 7, 8 to points 1, 2, 3, 4, then NiO and FeO being reduced to the fine metal particles containing the low content of Ni (around 7 mass%). On the other hand, in the highMgO and low-FeO Ore-B, Figs. 9(a) and 9(b) shows that high-NiO·FeO·SiO2 silicate is released from points 3 to points 1, 2, the fine metal particles containing the low content of Ni (around 11 mass%) being unable to occur until 1 250°C. However, reducibility is very low, and fine metal particles occur over the bulk, large metal occurring only at the surface of crystal and surrounding pores.
Procedure of the Occurrence of the Fine Metal
Thereby, it could be inferred from the above mentioned fact that fine metal particles are not formed by the agglomeration of reduced metal, but occur in this order as shown in Fig. 10: 1) the separation of low-MgO and high-NiO·FeO silicate released from serpentine with the recrystallization to the quasi-(Mg-Fe) olivine or pyroxene and high-NiO·FeO silicate (impurity) by fractional crystallization; 2) the agglomeration of high-NiO·FeO silicate; 3) the reduction of high-NiO·FeO silicate to the fine metal particles containing the low content of Ni, and 4) the agglomeration of the fine metal particles via melt occurred by the migration of highSiO2 silicate enveloping fine metal particles to the surrounding mineral. Here, a small amount of goethite contained in Ni-ore transforms to hematite by dehydration, being easily reduced to metal, which allows the behavior of reduction not to be discussed.
On the other hand, in the reduction of iron ores, 14) CO gas comes into direct contact with oxygen on the surface of hematite. Subsequently, oxygen is released by the formation of CO2 to the gas phase, allowing the ratio of Fe/O at the surface of ore to increase, which enables Fe to move toward the bulk by the gradient of Fe/O via vacancies to cause metal to grow largely. Thus, the difference in the mechanism of metal formation between iron ores and Ni-ores is attributed to the content of Fe and bonding state with oxygen. 2) has performed a reduction experiment of a part of lump of Ni-ore (i.e., green garnierite; Ni=11.0, Fe=1.3, MgO=12.3, SiO2=61.0 mass%) using hydrogen. Olivine accompanied by the recrystallization of amorphous serpentine at 800°C following dehydration from 600°C is reduced. In this case, it is reported that the increase in the mole fraction of Mg2SiO4 leads to the decrease in activity of Ni2SiO4, which causes the reducibility of Ni to lower.
Mechanism of the
Further, Matsumori [15] [16] [17] has proposed the reduction mechanism of Ni-ore as follows: 1) hematite formed by the dehydration of goethite is reduced to FeO; 2) (Mg-Fe-Ni) olivine is formed by the reaction between FeO and amorphous serpentine, being directly reduced to metal by C after softening and melting. However, such behavior cannot be entirely found in this SEM observation.
Relation Between Point Defects and Diffusion
Then, in order to discuss the process of the occurrence of fine metal particles, at first, relation between diffusion and point defects giving a substantial effect on reduction has been checked in the literature. Many experiments on the relation between point defects and diffusion have been performed. For example, Dimanov 18) has carried out Fe-Mg and Mn-Mg inter-diffusion experiments between ferro- johannsenite (Ca, Fe, Mn)O·SiO2 and diopside (Ca, Mg)O·SiO2. In that experiment, it is found out that the activation energy for diffusion is largely reduced with the increase in point defects. Furthermore, Azough 19) have performed the iron diffusion experiments using natural and synthetic diopside, thus having revealed that diffusion takes place more rapidly in natural diopside with much point defect than synthetic diopside. From the above mentioned, it is confirmed that point defects enhance the diffusion.
Concentration of Point Defect in the Heated Ni-ore
Then, what extent point defects occurred during the weathering remains in the silicate during the reduction reaction of NiO and FeO is calculated by Eq. (7) 10) from the values of SEM-EDS quantitative analysis measured at 900-1 250°C. In this case, silicates seem to exist in the form of as follows: 1) olivine; 2) serpentine-anhydride; 3) pyroxene; and 4) excessive SiO2 silicate, but those cannot be clearly distinguished.
Then, the ratio of the lack of the mole number in the cation component is denoted as the concentration of the point defects by the using olivine as an indicator for the degree of point defects.
Concentration of point defects (atom%)=((MgO+CaO+ MnO+FeO+NiO)/(SiO2+2×Al2O3)-2)/2×100............... (7) Where, elements refer to the mole number of those. The distribution of point defects at 1 000°C shown in Fig. 11(a) indicates that point defects still remain after the recrystallization, Ore-A having some higher content of point defects than Ore-B.
Then, the average of concentration of point defects at various temperatures in Fig. 11(b) shows that increase in temperature provides the increase in the concentration of point defects by the fractional crystallization in Ore-A, silicate transforming to the quasi-pyroxene or excessive SiO2 silicate. On the other hand, high content of MgO in Ore-B causes SiO2, and so on (i.e., extra composition for recrystallization) to be released, allowing the concentration of point defects to decrease, which causes silicate to approach quasiolivine. The facts above-mentioned indicate that some high reducibility develops in Ore-A, conversely, some low reducibility develops in Ore-B. This can be deduced from the results of SEM observation in section 4.3.2.
Removal of the Oxygen by the Diffusion Path via
Point Defects and Oxygen Vacancies Here, even in the reduction of the rock-salt type oxide (Mg, Ni, Fe)O, which have a few point defects and stronger bonding with oxygen than Ni-ore sharing oxygen in the SiO4 tetrahedron, metals can be occurred in the bulk. This is interpreted by Schmalzried 20, 21) as follows: reduction reaction occurs by the cationic and electronic defect species (i.e., pairs of negatively charged cation vacancy (V // ) and holes (h · )) corresponding to the oxygen partial pressure in the gas phase. NiO is reduced by Eqs. (8) Here, (V // +2h · ) must be eliminated to the outer surface according to Schmalzried, however, in this case assumed to be regenerated in the bulk. Ni-ore have much point defect occurred during weathering. Furthermore, the reduction of Fe 3+ in serpentine to Fe 2+ by Eq. (10) enables 1 mole of oxygen per 2 moles of Fe to be removed from serpentine, thus oxygen vacancies probably occurring. Then, it is deduced that those defects have a great effect on the reduction reaction in the silicate. For example, it seems that atomic oxygen accompanied by the reduction in the silicate is surrounded by SiO2, MgO, and so on, which allows the removal of oxygen to be very difficult. Thus, the diffusion path in which point defects and oxygen vacancies probably play an important role is essential to the oxygen removal. Therefore, reduction model taking that into the consideration can be inferred. However, the lack of experimental data concerning defect chemistry in Ni-ore cause model to be still only a hypothesis. and Fe 2+ ion at the around point 4 lower with reduction, allowing the concentration gradient between point 4 and 8 in the surrounding mineral phase to be formed, which cause the ion to be provided by the diffusion due to via point defects. This seems to enhance the growth of fine metal particles.
Mechanism of the Growth of
Furthermore, the high-SiO2 silicate enveloping fine metal particles migrates to the surrounding mineral phase with a reduction, allowing the occurrence of melt surrounding metal, which metals to coalesce with each other to grow more largely.
On the other hand, Fig. 9(a) shows the fine metal particles occurred in Ore-B. It seems that the mechanism of growth of fine metal is almost similar to Ore-A. However, the content of high MgO and low FeO in ore allows Ore-B to have a small amount of point defect and the occurring temperature of melt to shift to higher temperatures. This leads to no occurrence of fine metal of max around 1.6 μm at the surface of silicate and surrounding pores until 1 250°C as mentioned at section 4.3.2. . This seems to be attributed to the difficulty in the detecting the metal of high Ni content due to the low Ni content in Ni-ore. However, the increase in heating temperature to around 1 200-1 250°C provides the larger size particles of both the high Ni and high Fe metal due to the diffusion, allowing both metals to co-exist, which causes the standard deviation values to vary largely. Whereas, it seems that the increase in heating temperature above 1 250°C leads to the occurrence of melt, allowing the high Ni and Fe metal to coalesce with each other, which causes the standard deviation values to be greatly reduced.
Conclusions
The sampling of raw materials in the rotary kiln out of operation, firing experiment by the experimental kiln, and water quenching experiment have been performed, and the clarification of behavior of the reduction and growth of metal have been attempted by SEM-EDS analysis. The result is obtained as follows.
(1) In the amorphous serpentine region which exists from the beginning of dehydration at around 600°C to the recrystallization to the olivine, Ni has very high reducibility to be reduced as much as around 70 mass% at 1 000°C. However, Fe has some low reducibility to be reduced only up to around 35 mass%. On the other hand, hematite from dehydrated goethite has very high reducibility.
(2) The increase in heating temperature above 1 000°C allows the fine reduced metallic Ni and Fe to be confined in the silicate accompanied by recrystallization, which causes the extraction by the bromine methyl alcoholic solution to be difficult. This allows the degree of reduction to enter the depression region and decrease apparently. However, the increase in heating temperature above 1 250°C allows melt to occur, which causes the fine metal to coalesce with each other. Therefore, the metallic Ni and Fe can be precisely analyzed by the bromine methyl alcoholic solution, allowing the apparent degree of reduction to approach the equilibrium values (i.e., Ni, Fe around 96, 60 mass%, respectively at 1 300°C).
(3) The recrystallization of serpentine causes low-MgO and high-FeO·NiO silicate to be released outside, which is enriched by the fractional crystallization. Thereafter, the content of point defects is increased, and reducibility becomes high, which allows reduction reaction to be enhanced.
(4) From the micro standpoint of the reduction mechanism of Ni-ore, it seems that Ni 2+ , Fe 2+ in the crystal lattice are reduced by the cationic and electronic defect species proposed by Schmalzried, the occurred oxygen diffuses toward the crystal surface with the low concentration of 
